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Abstract
Fetal exposure to gestational diabetes mellitus (GDM) predisposes children to future health complications
including hypertension and cardiovascular disease. A key mechanism by which these complications occur
is through the functional impairment of vascular progenitor cells, including endothelial colony-forming
cells (ECFCs). Previously, we showed that fetal ECFCs exposed to GDM have decreased vasculogenic
potential and altered gene expression. In this study, we evaluate whether transgelin (TAGLN), which is
increased in GDM-exposed ECFCs, contributes to vasculogenic dysfunction. TAGLN is an actin-binding
protein involved in the regulation of cytoskeletal rearrangement. We hypothesized that increased TAGLN
expression in GDM-exposed fetal ECFCs decreases network formation by impairing cytoskeletal
rearrangement resulting in reduced cell migration. To determine if TAGLN is required and/or sufficient to
impair ECFC network formation, TAGLN was reduced and overexpressed in ECFCs from GDM and
uncomplicated pregnancies, respectively. Decreasing TAGLN expression in GDM-exposed ECFCs
improved network formation and stability as well as increased migration. In contrast, overexpressing
TAGLN in ECFCs from uncomplicated pregnancies decreased network formation, network stability,
migration, and alignment to laminar flow. Overall, these data suggest that increased TAGLN likely
contributes to the vasculogenic dysfunction observed in GDM-exposed ECFCs, as it impairs ECFC
migration, cell alignment, and network formation. Identifying the molecular mechanisms underlying fetal
ECFC dysfunction following GDM exposure is key to ascertain mechanistically the basis for
cardiovascular disease predisposition later in life.
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Umbilical cord blood sample acquisition.
ECFC cell culture.
INTRODUCTION
Children born to mothers with gestational diabetes mellitus (GDM) are at increased risk for developing
chronic health complications including cardiovascular morbidities such as hypertension (2, 5, 7).
Unfortunately, the mechanisms underlying the development of these long-term morbidities are unknown.
To identify how acute exposure to maternal GDM in utero imparts a predisposition for vascular disease,
fetal progenitor cells critical to vascular development are studied. One endothelial progenitor population,
endothelial colony-forming cells (ECFCs), is highly proliferative, clonogenic and able to undergo
vasculogenesis by forming perfused vessels upon transplantation in vivo (23, 44, 45). Importantly, ECFCs
are present in the circulation and in vessel walls and are enriched in umbilical cord blood (22). Thus
ECFCs are a possible source by which acute intrauterine exposure in utero may impart long-term vascular
effects in the offspring.
Fetal ECFCs display significant functional impairments as a result of exposure to maternal diabetes in utero
(3, 21). However, the molecular mechanisms underlying the observed phenotypic differences in number
and function are largely unknown. Therefore, recent studies from our lab focused on the identification of
differentially expressed genes in ECFCs obtained from diabetic pregnancies (4, 17). A genome-wide
microarray analysis conducted on umbilical cord blood-derived ECFCs identified transgelin (TAGLN) as
one of the genes significantly increased in fetal ECFCs exposed to GDM.
TAGLN, also known as smooth muscle protein 22α (SM22α), localizes primarily to the cytoplasm near
actin filaments. TAGLN aids in the formation of actin bundles via polymerization of globular actin to
filamentous actin and promotion of filamentous actin cross linking (12, 16, 19, 40). Thus TAGLN is
involved in actin cytoskeletal rearrangement. The ability of cells comprising the vasculature to reorganize
their cytoskeleton in response to external stimuli is a critical function. Specifically, endothelial cells can
rearrange their cytoskeletons in response to mechanical forces, including exposure to laminar flow, by
modulating intracellular signaling pathways and gene expression (6).
When TAGLN was discovered in 1987, it was considered smooth muscle specific (27). Therefore,
abundant literature outlines the function of TAGLN in smooth muscle cells. However, despite subsequent
identification of TAGLN expression in other cell types, including fibroblasts, mesenchymal, epithelial, and
endothelial cells, limited studies have assessed the functional implications of TAGLN expression in those
cell populations (26, 36). Therefore, the studies outlined in this article were designed to identify the impact
of elevated TAGLN expression in fetal ECFCs obtained from pregnancies complicated by GDM.
MATERIALS AND METHODS
Umbilical cord blood samples were collected at the time of
birth following written informed consent from the mothers. Samples were obtained from women between
20 and 40 yr of age with uncomplicated pregnancies (UC) or pregnancies complicated with gestational
diabetes (GDM). All pregnancies were single gestation. Infants with known chromosomal abnormalities
were excluded. Women with preeclampsia or hypertension, women with other illnesses known to affect
glucose metabolism, and women taking medications known to affect glucose metabolism were excluded.
The Institutional Review Board at the Indiana University School of Medicine approved the protocol.
ECFCs were isolated from umbilical cord blood samples by the Indiana University
Simon Cancer Center Angio BioCore as previously described (3). Eight independent preparations were
used for both uncomplicated and gestational diabetes mellitus-exposed samples (UC: n = 8; GDM: n = 8).
ECFCs were cultured in EBM2 medium (no. 3156; Lonza, Walkersille, MD) supplemented with EGM2
bullet kit (no. 3162; Lonza) and 10% hyclone fetal bovine serum (FBS; no. SH3007003; ThermoFisher,
Waltham, MA). After ECFC colonies reached confluence, cells were detached with trypsin-EDTA
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(Invitrogen, Grand Island, NY) and frozen in 5% dimethyl sulfoxide (ThermoFisher) in FBS (Atlanta
Biologicals, Flowery Branch, GA). ECFC aliquots were thawed, resuspended in endothelial growth media
2 (EGM2; Lonz) plus 10% FBS, and plated on type 1 collagen (Corning, Durham, NC)-coated flasks.
ECFCs used in these studies were passaged two to five times.
ECFCs were plated on collagen-coated cell culture dishes and lysed in Qiazol
(Qiagen, Valencia, CA). RNA was obtained using the manufacturer’s instructions and reverse transcribed
using the Transcriptor Universal cDNA Master Kit (Roche Applied Sciences, Indianapolis, Indiana).
Reverse-transcriptase PCR was performed using a Lightcycler 480 (Roche Applied Sciences). Transcript
levels were normalized to hypoxanthine phosphoribosyltransferase (HPRT) using the 2  method.
Studies were performed on samples in duplicate using Lightcycler 480 SYBR Green I Master Mix (Roche
Applied Sciences) and the following primers: TAGLN: 5′-GGCAGCAGTGCAGAGGAC-3′ and
5′-TTATGCTCCTGCGCTTTCTT-3′; matrix metalloproteinase 9 (MMP9):
5′-GAACCAATCTCACCGACAGG-3′ and 5′-GCCACCCGAGTGTAACCATA-3′; and HPRT:
5′-CCTTGGTCAGGCAGTATAATCCA-3′ and 5′-GGTCCTTTTCACCAGCAAGCT-3′.
Whole cell ECFC lysates were collected using radioimmunoprecipitation assay (RIPA)
buffer containing mammalian protease inhibitor cocktail and phosphatase inhibitor cocktails 2 and 3
(Sigma-Aldrich, St. Louis, MO). Equal amounts of protein were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis in 4–12% Bis-Tris precast gels (Life Technologies, Grand Island, NY).
Protein was transferred onto nitrocellulose membrane, and immunoblotting performed with antibodies to
TAGLN (1:5,000; ab14106; Abcam, Cambridge, MA), vinculin (1:100,000; VIN-11-5; Sigma-Aldrich),
phospho-myosin light chain 2 (MLC2; 1:1,000; no. 3674 THr18/Ser19; Cell Signaling Technology,
Danvers, MA), and total MLC2 (1:1,000; MYL12B, ab137063; Abcam). Secondary antibodies conjugated
to horseradish peroxidase (goat anti-rabbit, no. 1706515; and goat anti-mouse, no. 1706516) were obtained
from Bio-Rad (Hercules, CA), and blots were developed using Clarity Western ECL Substrate (Bio-Rad).
Band intensity was quantified using ImageJ (NIH, Bethesda, MD).
ECFCs were plated at 300,000 cells per 100-mm tissue culture dish in
EGM2 + 10% FBS the day of transfection. Lipofectamine RNAiMAX (ThermoFisher Scientific) and short
interfering RNA (siRNA) mixes were prepared in EBM2 (Lonza), and ECFCs were transfected with either
TAGLN-specific (J-003714-08-0002; GE Dharmacon, Lafayette, CO) or a nontargeting control siRNA
(D-001210-05-05; GE Dharmacon). The day following transfection, cell medium was changed. Two days
posttransfection, cells were passaged and RNA was isolated to confirm knockdown for each transfection.
Functional experiments were set up 3 days posttransfection, and additional protein lysates were collected to
confirm knockdown.
The lentiviral vector plasmid
(pUC2CL6IPwo), packaging accessory plasmid (pCD/NL2), and envelope plasmid (pVSVG) were
generous gifts from Helmut Hanenberg (Heinrich Heine University School of Medicine, Düsseldorf,
Germany) (13). The TAGLN cDNA insert was amplified from ECFC-derived cDNA using the following
primers: 5′-ATGGCCAACAAGGGTCCTTCC-3′ and 3′-ACTGATGATCTGCCGAGGTCG-5′. The
TAGLN insert was then cloned into the pUC2CL6IPwo vector plasmid using the In-Fusion HD Cloning Kit
(Takara Bio, Mountain View, CA) and the following primers:
5′-GCGGCCGCAACTCGAGATGGCCAACAAGGTCCT-3′ and
5′-TCTTAAGCTACGATCGGATTGACTACTAGACGGCTCCAGC-3′. Lentiviral particles were produced
by transfection of Lenti-X 293T cells (Takara Bio) with either the pUC2CL6IPwo lentiviral vector (empty
vector control) or the pUC2CL6IPwo lentiviral vector containing the TAGLN cDNA, in addition to the
pCD/NL2 packaging accessory plasmid and the VSVG envelope plasmid using Fugene 6 (Roche Applied
Science). All lentiviral vectors contain a puromycin resistance cassette, which enabled a 2-day selection of
−ΔΔCt
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virally transduced ECFCs. Lentiviral supernatants were collected and filtered through a 0.45-μm
asymmetric polyethersulfone filter unit (ThermoFisher). Supernatants were used immediately or stored at
−80°C for future use.
ECFCs were plated at 250,000 cells per 100-mm tissue culture dish the
day before transduction. Lentiviral supernatant was added to each plate in a 1:10–1:50 dilution for a final
volume of 6 ml of EGM2 + 10% FBS and incubated overnight. The medium was changed and the cells
were incubated for 48 h. Transduced cells were selected in media containing 1 μg/ml puromycin (Life
Technologies) for 2 days. Protein lysates were obtained as described, and TAGLN expression levels were
confirmed for each transduction by Western blotting.
ECFCs (passage 3–4) were plated at 400,000 cells per 100-mm dish and incubated
overnight. The following day, ECFCs were trypsinized (ThermoFisher Scientific), counted on a
hemocytometer, and plated at equal densities in EGM2. ECFCs were plated on 10 μl of Matrigel Basement
Membrane Matrix lot no. 4209014 (no. 354234; Corning) in 15-well μ-slides (Ibidi, Fitchburg, WI). For
single time point experiments, ECFCs were imaged by phase contrast microscopy 10 h postplating. Phase
contrast images were obtained using a Spot camera (Spot Imaging Solutions, Sterling Heights, MI) on an
Axiovert 35 microscope (Zeiss, Thornwood, NY). The number of closed networks per well was quantified,
and average values are reported. For kinetic, multi-time point experiments, the Matrigel slide was placed in
a Nikon TiE microscope stage-top incubator to maintain temperature, CO , and humidity for overnight live
cell imaging, similar to our recent studies (38, 39). Images of entire wells were collected with the ORCA-
ER every 15 min for 10 h for a total of 40 data points per ECFC sample in each experiment. Kinetic
experiments were conducted at the Indiana Center for Biological Microscopy (ICBM, Indianapolis, IN).
ECFCs were plated at a density of 500,000 cells per 100-mm plate followed by one
overnight incubation. For mitosis experiments, cells were collected by trypsinization, fixed in 1× Fix/Perm
Buffer (421401; Biolegend), washed in Perm/Wash buffer (554723; BD Biosciences), stained with an
Alexa 488 Fluor-conjugated antibody against phosphorylated histone H3 (S10) (3465; Cell Signaling
Technology) at a dilution of 1:50 in Perm/Wash buffer, and washed in Perm/Wash buffer before analysis.
For cell cycle analysis, ECFCs were incubated with bromodeoxyuridine (BrdU) labeling reagent
(Invitrogen, Grand Island, NY) for 1 h. Cells were stained, as previously described, using Alexa Fluor 488
mouse anti-BrdU (Invitrogen) and 7-AAD (Life Technologies) (4). At least 10,000 events were recorded by
flow cytometry using a FACSCanto II (BD Biosciences). Mitosis and cell cycle phase analyses were
conducted using FlowJo Single Cell Analysis Software vX.0.6.
Confocal images were acquired with a confocal/two-photon Olympus Fluoview
FV-1000 MPE system (Olympus America, Central Valley, PA) available at the ICBM using Olympus
UPLSAPO ×60, numerical aperture 0.95 water immersion objective.
All time-lapse imaging experiments were conducted on a fully automated Nikon
TiE microscope equipped with a ProScan II motorized stage (Prior Scientific, Rockland, MA), xenon lamp
source, Lambda LS, and Lambda 10–3 filter wheel controller (Sutter Instruments, Novato, CA), fitted with
an ORCA-ER or ORCA-Flash 4.0 (Hamamatsu, Japan) controlled by Elements 4.20 software (Nikon
Instruments, Melville, NY). Imaging was performed as previously described (38, 39). Phase contrast
images were acquired with a CFI PlanFluor DLL ×10 objective (Nikon Instruments). Multiple images and
Z-positions were collected to cover the sample wells and stitched together with the Nikon Elements
software as required. For live imaging, the microscope was fitted with a stage top incubator with humidity
(75–85%), temperature (37°C) and CO  regulation (5%; OkoLab, Burlingame, CA).
Phase contrast images were compiled, processed, and analyzed using
the FIJI plugin called kinetic analysis of vasculogenesis (KAV) (38, 39). KAV is reliant on the Skeletonize
2
2
Transgelin induces dysfunction of fetal endothelial colony-forming cells ... https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6230685/?report=printable
4 of 30 2/5/2020, 3:05 PM
Transwell migration assay.
Rho kinase inhibitor assay.
Laminar flow assay.
Statistical analysis.
GDM exposure increases TAGLN expression in fetal ECFCs.
2D/3D and Analyze Skeleton plugins in FIJI (1). Values for the number of closed networks and the ratio of
branches to nodes generated from the software analysis were graphed in Prism (GraphPad, San Diego, CA)
and R (version 3.1.1) (33).
ECFCs were plated on collagen-coated transparent polyethylene terephthalate
membranes (24-well, 8.0-µm pore size) (Corning,) in EBM2 and incubated at 37°C for 4 h. The
promigratory stimulus was EGM2 + 10% FBS. Nonmigratory cells were removed with cotton swabs, and
cells were fixed with ice-cold methanol before being stained with crystal violet. Eight different field images
were obtained at ×20 magnification for each sample, and the numbers of migrated cells were quantified.
Images were obtained using a Spot camera (Spot Imaging Solutions) on an Axiovert 35 microscope (Zeiss).
During the transwell assay, ECFCs were treated with 0.1 μM Rho kinase
inhibitor Y27632 (Tocris, ThermoFisher) just before plating and maintained in media containing the
inhibitor for the duration of the 4-h migration assay. Simultaneously, ECFC protein lysates were collected
from ECFCs plated on collagen-coated dishes that were treated with 0.1 μM Rho kinase inhibitor Y27632
for 4 h before collection using RIPA buffer.
ECFCs were plated in confluence on collagen-coated glass slides in EGM2 + 10%
FBS. Cells were subjected to laminar flow for 7 h as previously described (30, 31). Following exposure to
flow, slides were fixed with 4% paraformaldehyde, quenched with 100 mM glycine, blocked with 3%
bovine serum albumin, and permeabilized with 0.5% Triton X-100 in 3% bovine serum albumin. Portions
of the slide were incubated with TAGLN primary antibody at a 1:400 dilution (ab14106; Abcam) for 1 h at
room temperature. AlexaFluor 568-conjugated goat anti-rabbit secondary antibody (1:400; no. A11011;
Life Technologies), NucBlue Fixed Cell Stain Ready Probes reagent (no. R37605, ThermoFisher
Scientific), and ActinGreen 488 Ready Probes reagent (no. R37110; ThermoFisher Scientific) were added
for 30 min at room temperature. Slides were rinsed with phosphate-buffered saline and mounted with
Prolong Diamond Antifade mountant (no. P36970; ThermoFisher Scientific). Images were acquired using a
Spot RT XE camera (Spot Imaging Solutions) with a ×40 objective on a Leica DM 4000B microscope
(Leica Microsystems, Buffalo Grove, IL). Fluorescence images of F-actin were captured from eight field-
matched locations on the slide and analyzed using the FIJI Directionality Plug-in (28, 37a). Mean angle
values for each cell were produced by the Directionality Plug-in and used to generate the histograms and
statistical analysis of angle means and variance. High-resolution confocal imaging was performed on a
Leica SP8 MP microscope using an ×20 objective.
All graphing and statistics were carried out in Prism (GraphPad) and R, a software
platform for statistical computing and graphics (version 3.1.1) (33). The graphs represent the means ± SE at
each time point. To statistically analyze the differences between the entire kinetic curves, all individual
time point data were pooled to produce estimated mean difference curves and the corresponding pointwise
95% confidence intervals as previously described (38, 39). These curves were generated using penalized
spline techniques, and the analysis was performed using the MGCV package in R (33, 41). One-way and
two-way ANOVA were performed for comparisons of more than two groups, as indicated in the figure
legends. Kruskal-Wallis post hoc tests were performed on nonparametric data sets. Paired t-tests were used
when two groups were compared in knockdown and overexpression studies. P < 0.05 was considered as
statistically significant.
RESULTS
Previously, a microarray analysis was
conducted on fetal ECFC samples from UC pregnancies and those complicated by GDM to identify
alterations in gene expression following exposure to GDM (4). To verify whether TAGLN is increased in
ECFCs from GDM pregnancies, quantitative real time polymerase chain reaction and Western blotting
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Reducing TAGLN expression improves migration and network formation in GDM-exposed ECFCs.
analyses were conducted (Fig. 1, A and B). GDM pregnancies were separated into two groups based on
treatment strategy, including conservative management with diet and exercise (CM) or pharmacologic
management with insulin therapy (INS). While some heterogeneity in TAGLN levels was evident in GDM-
exposed samples, TAGLN was consistently higher in the insulin-treated (INS) group but not in the
conservatively managed (CM) patients (Fig. 1, A and B). Therefore, ECFC samples from the insulin-treated
group were used in subsequent functional assays.
TAGLN is an actin binding protein implicated in regulating cell migration, a critical step in establishing
vascular networks (12, 29, 43). Previously, we showed that ECFCs from GDM pregnancies exhibit reduced
network formation (3). Therefore, we hypothesized that elevated TAGLN expression in GDM-exposed
ECFCs impairs network formation. To test this hypothesis, TAGLN was reduced in ECFCs from GDM
pregnancies using siRNA techniques. Representative data from independent siRNA knockdown
experiments demonstrated TAGLN reductions of >90% at the protein level (Fig. 2A). Importantly, TAGLN
protein levels following knockdown approached protein levels observed in ECFC samples from
uncomplicated pregnancies (Fig. 2A). As predicted, siRNA-mediated reduction of TAGLN expression
increased the number of closed networks formed by GDM-exposed ECFCs (Fig. 2B). Since migration is a
critical component in ECFC network formation, transwell migration assays were conducted to assess ECFC
movement. Reducing TAGLN resulted in a greater number of cells migrating towards the promigratory
stimulus (Fig. 2C). Together, these results suggest that reducing TAGLN in GDM-exposed ECFCs
improves vasculogenic and migratory abilities.
To obtain a kinetic readout of ECFC network formation, KAV methods were applied to quantitate large
time-lapse image data sets and provide high-throughput vasculogenic analyses (38, 39). Skeleton and mask
renditions of representative network structures enable visual confirmation of the quantitative analysis
generated by the software (Fig. 3A). Qualitative differences were not obvious at the early time point (0–4
h); however, differences in network structure were apparent around 8 h postplating. Both untreated GDM
(UT) and siControl-treated GDM ECFCs exhibit a clear reduction in the number of closed networks
compared with siTAGLN (Fig. 3A). This qualitative observation was confirmed quantitatively using KAV.
Similar to previously observed biphasic trends in ECFC network formation kinetics (38, 39), all samples
analyzed form an increasing number of closed networks in phase 1 (0–5 h) until network formation peaks
at 5 h (Fig. 3B). At 5 h, quantitative differences between treatment groups become evident, as the average
number of closed networks in the siTAGLN group peaks at 84 networks, while the UT and siControl
groups peak at 71 and 69 networks, respectively (Fig. 3B). Importantly, the numbers of closed networks in
the siTAGLN group remain higher throughout the time course compared with the other two groups, with
significant differences in closed network number observed primarily in phase 2 (5 h+). This is indicative of
increased stability, as networks formed by the siTAGLN-treated ECFCs in phase 1 are being maintained
compared with decreased stability observed in the other two groups. A discriminating phenotype identified
in previous studies was the ratio of branches to nodes (38), which reflected decreased connectivity in phase
2 (5–10 h) of network formation. Similar to ECFCs from type 2 diabetes mellitus (T2DM) pregnancies,
ECFCs from GDM pregnancies (UT and siControl) have an increased ratio of branches to nodes that occurs
between 5 and 10 h of formation (Fig. 3C). In contrast, the ratio of branches to nodes in the siTAGLN
group was constant during phase 2, further supporting and increase in network stability. Another interesting
qualitative observation was decreased variability in the ratio of branches to nodes in the siTAGLN group.
The variability in the GDM UT and siControl groups was much larger, which was also previously observed
in ECFC samples from T2DM pregnancies (38).
The difference between siTAGLN and siControl groups was validated statistically using mean kinetic
values for the number of closed networks and the ratio of branches to nodes similar to our previous studies
(38). This statistical difference, as indicated by the solid black line, is within the pointwise 95% confidence
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Increasing TAGLN in ECFCs from UC pregnancies impairs migration and network formation.
TAGLN mediates migration via MLC phosphorylation in ECFCs.
intervals (dotted lines) and greater than zero throughout the duration of the experiment suggesting
functional effects of TAGLN on network structure (Fig. 3, D and E). These results confirm the initial
Matrigel studies at a single time point in which the numbers of closed networks were quantified manually (
Fig. 2). Overall, KAV analysis of GDM-exposed ECFCs following TAGLN knockdown confirmed
manually quantified static data (Fig. 2) and provided novel data depicting network kinetics and stability.
To
determine whether increased TAGLN expression was sufficient to reduce vasculogenic function of ECFCs,
a lentiviral-mediated approach was used to overexpress TAGLN in ECFCs from uncomplicated
pregnancies. ECFCs were transduced with either a control, empty vector-containing lentivirus (EV control)
or a virus encoding TAGLN (TAGLN OE). Western blotting confirmed TAGLN overexpression and that
TAGLN levels following overexpression were comparable to endogenous levels observed in GDM-exposed
ECFCs (Fig. 4A). Following TAGLN overexpression, Matrigel and transwell assays were performed to test
ECFC network formation and migration, respectively. Increasing TAGLN expression significantly reduced
the number of closed networks formed by ECFCs in Matrigel assays (Fig. 4B). Additionally, higher levels
of TAGLN reduced ECFC migration in transwell assays (Fig. 4C). Disrupted network formation and
migration may be due to altered proliferation. To assess the effect of TAGLN overexpression on ECFC
proliferation, flow cytometry experiments were performed using the proliferation marker phosphorylated
histone H3, as well as BrDU/7-AAD to assess cell cycle progression. No differences in proliferation or cell
cycle were observed following overexpression of TAGLN in ECFCs (Fig. 5). Therefore, altered
proliferation does not account for the differences in network formation and migration observed following
TAGLN overexpression.
To obtain a comprehensive view of ECFC network formation following TAGLN overexpression, KAV
analyses were performed. Qualitative observations of the networks using the skeleton and mask renditions
demonstrated differences in network structure (Fig. 6A). These qualitative observations were confirmed
quantitatively by KAV (Fig. 6, B and C). ECFCs from uncomplicated pregnancies (UT and EV control)
formed equivalent numbers of closed networks, peaking around 65 networks at 5 h. Upon overexpression
of TAGLN (TAGLN OE), the number of closed networks peaked earlier (3.5–4 h) and at a lower number
compared with controls during phase 1 (0–5 h) (Fig. 6B). In phase 2 (5 h+), structures formed by UT and
EV control groups maintained a greater number of closed networks compared with structures formed by
ECFCs overexpressing TAGLN (Fig. 6B). In addition, the ratio of branches to nodes increased in phase 2
in the TAGLN OE group, indicative of reduced network connectivity (Fig. 6C). A statistical difference
between the TAGLN OE and EV control groups was validated using mean kinetic values for the number of
closed networks and the ratio of branches to nodes (Fig. 6, D and E). Overall, these results suggest that
increased TAGLN is sufficient to impair network formation of fetal ECFCs.
Previously, TAGLN was identified as a
novel regulator of matrix metalloproteinase 9 (MMP9) (29), a type IV collagenase that cleaves extracellular
matrix components to enable cell migration (20). In addition, TAGLN2 was identified as a negative
regulator of myosin light chain (MLC) phosphorylation (43), which is involved in actin-myosin interactions
required for cytoskeletal rearrangement during migration (8). Therefore, MMP9 expression and
phosphorylation of myosin light chain were assessed in GDM-exposed ECFCs to determine if TAGLN
regulates cell migration through a conserved mechanism previously identified in other cell types.
At the transcript level, MMP9 expression was not detectable in ECFC samples from GDM or
uncomplicated pregnancies, suggesting that decreased MMP9 is not likely the primary mechanism by
which TAGLN reduces ECFC migration (data not shown; UC: n = 6; GDM: n = 8). However, at baseline,
ECFC samples from GDM pregnancies exhibited nearly threefold more MLC phosphorylation compared
with uncomplicated controls (Fig. 7A). To evaluate whether increased TAGLN promotes myosin light chain
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TAGLN regulates ECFC response to laminar flow.
phosphorylation, TAGLN was overexpressed in ECFCs from uncomplicated pregnancies. ECFCs from
uncomplicated pregnancies overexpressing TAGLN had increased basal MLC phosphorylation compared
with EV controls (Fig. 7B). Based on these results, we hypothesized that myosin light chain
phosphorylation was a potential mechanism downstream of TAGLN that was altering ECFC vasculogenic
function.
To test our hypothesis, GDM-exposed ECFCs were treated with the Rho kinase inhibitor Y27632. Rho
kinase phosphorylates a subunit of the MLC phosphatase complex, rendering it inactive and unable to
dephosphorylate MLC. The Y27632 inhibitor blocks Rho kinase activity, which maintains active MLC
phosphatase resulting in reduced MLC phosphorylation (35). Guided by previous reports (18, 24) and our
optimization studies (data not shown), a concentration of 0.1 μM Y27632 was added just before plating
cells in transwells to reduce, but not completely block, MLC phosphorylation in GDM-exposed ECFCs.
Inhibitor treatment of ECFCs from uncomplicated pregnancies had no effect on migration (data not shown;
UC: n = 3 paired samples), which was expected since ECFCs from uncomplicated pregnancies have
minimal MLC phosphorylation. In contrast, GDM-exposed ECFCs treated with Y27632 had increased
migration in transwell assays compared with untreated GDM controls (80 ± 24 vs. 96 ± 32 cells; n = 6; P =
0.011). Similarly, Rho kinase inhibition also enhanced migration of ECFCs overexpressing TAGLN (46 ± 
13 vs. 60 ± 15; n = 5; P = 0.019). Thus reducing MLC phosphorylation in the presence of elevated TAGLN
was sufficient to enhance ECFC migration.
TAGLN contains a conserved actin binding domain
which facilitates filamentous actin (F-actin) stabilization (15). Thus we hypothesized that an abundance of
TAGLN in ECFCs would increase F-actin stabilization and consequently delay cytoskeletal remodeling
involved in cell movement. Previous studies reported colocalization of TAGLN and F-actin using
immunofluorescence techniques in vascular smooth muscle cells (16, 19). Therefore, confocal microscopy
was used to confirm localization of TAGLN and F-actin in ECFCs. Using confocal microscopy, it was
evident that most TAGLN and F-actin colocalize within the cytoplasm of ECFCs (Fig. 8). Following
confirmation of colocalization, shear assays were conducted to determine if TAGLN alters the ability of
ECFCs to align in response to flow, a conserved endothelial cell phenotype (6).
To determine whether ECFCs overexpressing TAGLN align in the direction of laminar flow, paired ECFC
samples were maintained in static culture or subjected to 7 h of laminar flow as previously described (30,
31). Based on the direction of flow, efficient cell alignment results in a mean angle slightly greater than
zero (Fig. 9A, arrows in panels at right indicate direction of flow). Qualitatively, ECFCs transduced with
EV control lentivirus under static culture conditions did not align in a unidirectional manner (Fig. 9A, top
left). However, following 7 h of laminar flow, EV control cells exhibited strong alignment as evidenced by
near complete unidirectional F-actin alignment (Fig. 9A, top right). In contrast, ECFCs overexpressing
TAGLN had less coordinated alignment in static cultures (Fig. 9A, bottom left). Following exposure to
laminar flow, ECFC alignment was not consistently in the direction of flow, suggesting greater variability
in ECFC cytoskeletal rearrangement (Fig. 9A, bottom right).
Quantitation of cell alignment using the FIJI Directionality Plug-in analysis software supported these
qualitative observations. The Directionality software generates a histogram of the mean angles of alignment
for all cells in a single image, allowing quantitative analyses to be conducted. Histograms in Fig. 9B depict
alignment angles of cells in the Fig. 9A images, which are representative data from three ECFC samples
tested. Each histogram includes data from ~30 cells. Histograms with a tall, centralized peak, such as in the
EV control group after laminar flow exposure (Fig. 9B, top right histogram), indicates consistent cell
alignment. Using this approach, eight images from consistent areas of each slide were analyzed for mean
angle of alignment, enabling the evaluation of mean angle variation and distribution of ECFCs over the
entire slide. Histogram data for each image were overlaid to produce a single graph, combining data from
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Intrauterine exposure to GDM alters ECFC response to laminar flow.
~200–250 cells per sample and treatment (Fig. 9C). Following flow treatment, ECFCs transduced with EV
control lentivirus aligned in the direction of flow indicated by the nearly complete overlap of histograms
near an angle measurement of 10–20° or the approximate angle of flow (Fig. 9C). Conversely, TAGLN-
overexpressing cells (TAGLN OE) displayed a high degree of variability in ECFC alignment at baseline
and following exposure to 7 h of laminar flow. While ECFCs overexpressing TAGLN seemed to attempt
alignment, most histogram peaks were at angles less than or equal to zero, indicating that the cells were
unable to align to the same extent as ECFCs transduced with EV control.
To further evaluate for statistical differences in cell alignment between treatment groups, the angle
variance, or variability of the cell alignment, was calculated (Fig. 9D). The independent and combinatorial
effects of TAGLN overexpression (TAGLN OE) and flow exposure on ECFC alignment were assessed by
two-way ANOVA, and the results are summarized in a box and whisker plot (Fig. 9D). Importantly, this
measure encompasses all cells within the immunofluorescence images used for analysis, which was on
average 200–250 cells per sample and condition. Overall, since cells align in response to flow exposure, the
variability in cell alignment decreases (P = 0.0002). In EV control samples, angle variance decreased more
abundantly following flow exposure because these cells are able to efficiently respond to and consistently
align with the direction of the flow (Fig. 9D). Compared with EV control, ECFCs overexpressing TAGLN
display increased angle variance at baseline in the absence of flow exposure. Following flow exposure,
TAGLN OE ECFCs display a significant decrease in angle variance in response to flow, indicating an
attempt at alignment. However, TAGLN OE ECFCs do not achieve uniform alignment to the same extent
as EV control samples in response to flow, as indicated by the large standard deviation in the TAGLN OE
group exposed to flow. Thus angle variance is associated with TAGLN expression such that variance is
elevated and remains high in response to flow in the TAGLN OE ECFCs compared with the EV control
ECFCs (P = 0.0009). Similar to other endothelial cell populations, these data demonstrate that ECFCs are
capable of effectively responding to laminar flow by aligning to the direction of the flow. However,
TAGLN overexpression alters cell alignment in both basal and flow conditions.
Given that GDM-exposed ECFCs
exhibit increased TAGLN expression and ECFCs overexpressing TAGLN exhibit impaired alignment in
response to flow, we hypothesized that ECFCs from GDM pregnancies would have altered cell alignment
in response to laminar flow. Similar to results from the overexpression studies, ECFCs from UC and GDM-
exposed pregnancies exhibit random, uncoordinated alignment under static conditions and conform to
unidirectional alignment in the direction of flow (Fig. 10A). To quantitatively assess for differences
between experimental groups, mean alignment angles were determined for each cell. Histograms from nine
consistent image fields from each sample were generated for these analyses (UC: n = 5; GDM: n = 8).
Under static culture conditions, ECFC alignment was not uniform, indicated by nonoverlapping histograms
(Fig. 10B). Following exposure to flow, UC and GDM ECFC samples displayed increased alignment, as
evidenced by increased histogram overlap and measured mean angles of alignment (P = 0.006). Two-way
ANOVA analysis of the mean angle identified a significant interaction between GDM and flow exposure,
suggesting a compounding effect of GDM on ECFC function (P = 0.028). In assessment of angle variance,
exposure to flow significantly reduced cell alignment variability in UC and GDM ECFC groups (Fig. 10C,
P < 0.0001). By two-way ANOVA analysis, the interaction between the effects of GDM and flow exposure
was modest for angle variance (P = 0.056). Taken together, these observations suggest that GDM-exposed
ECFCs have an altered response to flow, which results in greater variability of cell alignment.
DISCUSSION
Using a genome-wide screen, elevated TAGLN mRNA was identified in fetal ECFCs from pregnancies
complicated with GDM. Although TAGLN protein is not abundant in fetal ECFCs, exposure to a GDM
environment in utero results in increased TAGLN expression. Interestingly, these findings are consistent
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with a prior report showing that TAGLN is increased in placentas from GDM pregnancies, although the cell
types involved were not examined (34). These authors speculated that increases in TAGLN, along with
other genes associated with chronic stress and inflammatory pathways, could link inflammation to GDM-
associated insulin resistance. GDM is clearly a multifaceted disease, which results in numerous changes in
the developing fetus and infant as a consequence of intrauterine exposure (9, 14, 32, 42).
As a result of intrauterine GDM exposure, ECFCs exhibit vasculogenic dysfunction (3, 21). Reduction of
TAGLN in GDM-exposed ECFCs significantly improved initial network formation, ongoing network
stabilization, and cell migration, consistent with the hypothesis that TAGLN is mediating, at least in part,
deficits in vasculogenesis. Using a complementary approach to overexpress TAGLN in ECFCs from
uncomplicated pregnancies, a dramatic decline in migration and closed networks was induced. Taken
together these data suggest that aberrant TAGLN expression is sufficient to disrupt ECFC vasculogenesis,
providing strong evidence that increased TAGLN in GDM-exposed ECFCs contributes to impairments in
network formation and migration.
Members of the transgelin family, including TAGLN, participate in the process of cell migration through
regulation of MMP9 expression and MLC phosphorylation (29, 43). In ECFCs, MMP9 transcript was not
detectable, making MMP9 an unlikely mechanism responsible for the observed alterations in GDM-
exposed ECFCs. On the other hand, MLC phosphorylation was substantially increased in ECFC samples
from GDM pregnancies. Similarly, increased TAGLN in control ECFC samples was sufficient to enhance
MLC phosphorylation. Although these results are inconsistent with a previous report on TAGLN2 in
human umbilical vein endothelial cells (43), the apparent discrepancy may be due to differences in cell
types and transgelin genes studied. In fact, opposing functions of TAGLN and TAGLN2 have been
observed in cancer cells (11). Our TAGLN overexpression studies demonstrated that reduced MLC
phosphorylation, via Rho kinase inhibition, increased ECFC migration. These data suggest that elevated
MLC phosphorylation is key for the pathologic vasculogenic phenotypes detected.
Endothelial cells comprising vessel walls are constantly exposed to hemodynamic forces. Therefore, it is
critical for endothelial cells to appropriately sense and respond to hemodynamic changes (10). A central
feature of vascular homeostasis is the ability of endothelial cells to respond to laminar flow, thereby
aligning to flow directionality (37). Given that TAGLN is an actin binding protein involved in regulating
cytoskeletal reorganization in other cell types, we tested whether increased TAGLN was sufficient to
impair flow-mediated ECFC alignment. Our data demonstrated that overexpressing TAGLN alters ECFC
alignment in static and flow conditions. Alterations in alignment under basal conditions were surprising, as
ECFC organization varies extensively in static culture. GDM-exposed ECFCs with high endogenous levels
of TAGLN also exhibited alterations in ECFC alignment. A significant interaction was identified between
GDM and flow exposure. Thus intrauterine exposure to GDM alters the ability of ECFCs to respond
appropriately to flow. Importantly, this novel phenotype has not previously been identified in ECFCs and
provides new insight into possible molecular mechanisms contributing to chronic vascular complications in
offspring of GDM mothers.
Although several studies provide compelling evidence that intrauterine exposure to maternal T2DM and
GDM have long-term effects on child health outcomes, the mechanisms responsible are not fully
understood. Recently published studies in our laboratory demonstrated that ECFCs from T2DM
pregnancies have increased expression of the transcription factor mesenchyme homeobox 2 (MEOX2),
which was sufficient to increase ECFC migration and network formation (17). Therefore, increased
MEOX2 expression was a compensatory mechanism by which fetal ECFCs from T2DM pregnancies
maintain vascular function despite poor intrauterine environments. The identification of a dysregulated
molecular mechanism in T2DM-exposed ECFCs prompted additional studies to identify specific molecular
mechanisms altered by TAGLN expression in GDM-exposed ECFCs. In contrast to the protective effects of
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MEOX2 in T2DM-exposed ECFCs, TAGLN expression in ECFCs from GDM pregnancies results in
pathologic changes. Therefore, TAGLN expression was not compensatory, but rather detrimental, as it
reduced ECFC network formation and migration. The difference between the consequences of elevated
MEOX2 and TAGLN in ECFCs could be due to the specific function of each protein, but differences could
also be attributable to the severity and duration of the intrauterine diabetic microenvironment from which
the cells were derived.
Improving functional assessment of fetal vascular progenitor cells will allow for an understanding of how
intrauterine diabetic exposure imparts long-term vascular complications. Currently, limited clinical tools
are available to assess severity of diabetic exposure in children from mothers with GDM. Unfortunately,
these morbidities often go undiagnosed until children present with disease later in life, at which time the
opportunity for prevention has ended. Therefore, more in-depth analyses of ECFC vasculogenesis are
needed to identify how and why functional deficits are incurred in utero. The development of a useful,
noninvasive platform for assessing severity of exposure at the time of birth would increase the accuracy of
health assessments to enable more informed predictions of long-term health outcomes.
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Fig. 1.
Transgelin (TAGLN) is elevated in endothelial colony-forming cells (ECFCs) from gestational diabetes mellitus (GDM)
pregnancies. A: RNA was isolated from ECFCs obtained from uncomplicated (UC), GDM-conservatively managed (CM),
and GDM-insulin (INS) controlled pregnancies. Using quantitative real-time polymerase chain reaction, relative amounts
of TAGLN mRNA were quantified and normalized to hypoxanthine phosphoribosyltransferase (HPRT). Data were
analyzed by one-way ANOVA followed by a Kruskal-Wallis post hoc test. ECFCs from GDM-INS pregnancies had
significantly higher levels of TAGLN mRNA compared with samples from UC pregnancies (UC: n = 8; GDM-CM and
GDM-INS: n = 4; *P = 0.046). B: representative Western blot is shown using whole cell lysates from UC, GDM-CM, and
GDM-INS samples. The membrane was probed with antibodies against TAGLN and vinculin (VINC). Band intensity was
quantified using ImageJ, and TAGLN protein levels were normalized using VINC. Data were analyzed by one-way
ANOVA followed by a Kruskal-Wallis post hoc test. GDM-INS samples had increased TAGLN compared with UC
controls (UC: n = 5; GDM-CM and GDM-INS: n = 3; *P = 0.019).
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Fig. 2.
Open in a separate window
Elevated transgelin (TAGLN) in gestational diabetes mellitus (GDM)-exposed endothelial colony-forming cells (ECFCs)
contributes to impaired function. A: a representative Western blot is shown using whole cell lysates from ECFCs harvested
from uncomplicated controls (UC) and ECFCs from GDM pregnancies treated with either a nonspecific siRNA (siControl)
or a TAGLN-specific siRNA (siTAGLN). Membranes were probed for TAGLN and vinculin (VINC). B: phase contrast
images of ECFC network formation on Matrigel 10 h postplating following siControl or siTAGLN treatments are
illustrated. The numbers of closed networks formed were quantified and graphed (n = 8 transfections; *P = 0.019). C:
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Transwell migration assays were performed with ECFCs transfected with siControl or siTAGLN. Photomicrographs depict
migrated ECFCs stained with crystal violet. The numbers of migrating cells after 4 h were quantified (n = 10 transfections;
*P = 0.028).
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Fig. 3.
Open in a separate window
Kinetic analysis of vasculogenesis (KAV) identifies altered network formation kinetics following transgelin (TAGLN)
knockdown. A: representative phase contrast (left), skeleton (middle), and mask (right) images of endothelial colony-
forming cell (ECFC) network formation on Matrigel at 4 and 8 h postplating. ECFCs were obtained from gestational
diabetes mellitus (GDM) pregnancies and were untreated (UT) or treated with nonspecific siRNA (siControl) or TAGLN-
specific siRNA (siTAGLN). Scale bar, 500 µm. B and C: KAV software quantitated closed networks and the ratio of total
branches divided by total nodes for UT (black), siControl (gray), and siTAGLN (white) samples. The data illustrated
represent means ± SE of 5 individual transfections for each group. D and E: differences between the mean kinetic curves of
the 2 experimental groups for each parameter are shown as solid black lines with the pointwise 95% confidence interval
(CI) represented by dotted lines. A significant difference between the curves for a specific time point is detected if the CI
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of the difference curve does not cross the reference line (y = 0) at that time point.
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Fig. 4.
Open in a separate window
Increasing transgelin (TAGLN) in endothelial colony-forming cells (ECFCs) from uncomplicated (UC) pregnancies is
sufficient to impair function. A: representative Western blot is shown using whole cell lysates collected from gestational
diabetes mellitus (GDM)-exposed ECFCs and ECFCs from uncomplicated pregnancies transduced with either a control
lentivirus (EV control) or a TAGLN-expressing lentivirus (TAGLN OE). Membranes were probed for TAGLN and
vinculin (VINC). B: phase contrast images of ECFC network formation on Matrigel following transduction with either EV
control or TAGLN OE lentivirus. The numbers of closed networks were quantified 10 h postplating (n = 9 transductions,
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*P = 0.047). C: Transwell migration assays were performed with ECFCs transduced with EV control or TAGLN OE
lentivirus. Photomicrographs depict migrated ECFCs stained with crystal violet 4 h after plating. The numbers of
migrating cells after 4 h were quantified (n = 11 transductions, *P = 0.015).
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Fig. 5.
Increasing transgelin (TAGLN) in endothelial colony-forming cells (ECFCs) from uncomplicated pregnancies does not
alter proliferation. A: representative dot plots are shown for flow cytometric assessment of mitosis using an antibody
against phosphorylated histone H3. The percentage of mitotic cells was quantified using freshly stained ECFC samples
transduced with either a control lentivirus (EV control) or a TAGLN-expressing lentivirus (TAGLN OE). Staining intensity
of phosphorylated histone H3-Alexa 488 is plotted on the x-axis and forward scatter (FSC) values are plotted on the y-axis.
B: the mean percentage (±SE) of mitotic cells, determined by positive staining for phosphorylated histone H3, was
quantified in EV control and TAGLN OE ECFCs (n = 8, P = 0.20, paired t-test). C: representative dot plots depict ECFC
cell cycle distribution following transduction with EV control or TAGLN OE lentivirus. ECFCs were treated with
bromodeoxyuridine (BrDU) and stained with 7-AAD (x-axis) and anti-BrDU-Alexa 488 (y-axis). D: the mean percentage
(±SE) of ECFCs in G , S, and G  phases was quantified in EV control and TAGLN OE ECFCs (n = 8; P = 0.87, two-way
ANOVA).
1 2
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Fig. 6.
Open in a separate window
Kinetic analysis of vasculogenesis (KAV) identifies altered network formation kinetics following transgelin (TAGLN)
overexpression. A: representative phase contrast, skeleton, and mask images of endothelial colony-forming cell (ECFC)
network formation on Matrigel at 4 and 8 h postplating. ECFCs from uncomplicated pregnancies were transduced with
TAGLN-containing lentivirus (TAGLN OE). Controls include untreated (UT) and a virus containing an empty vector (EV
control). Scale bar, 500 µm. B and C: KAV software quantitated closed networks and the ratio of total branches divided by
total nodes for UT control (black), EV control (gray), and TAGLN OE (white) samples. The data illustrated represent the
means ± SE of 6 individual transductions for each group. D and E: differences between the mean kinetic curves of the 2
experimental groups for each parameter are shown as solid black lines with the pointwise 95% confidence interval (CI)
represented by dotted lines. A significant difference between the curves for a specific time point is detected if the CI of the
difference curve does not cross the reference line (y = 0) at that time point.
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Fig. 7.
Myosin light chain (MLC) phosphorylation is increased in endothelial colony-forming cells (ECFCs) with elevated
transgelin (TAGLN). A: ECFC whole cell lysates from uncomplicated (UC) or gestational diabetes mellitus (GDM)
pregnancies were evaluated for MLC phosphorylation (pMLC) and total MLC (MLC) by Western blotting. Nitrocellulose
membranes were probed with antibodies against p-MLC, MLC, and vinculin (VINC). Quantification in ImageJ confirmed
increased levels of pMLC relative to MLC in samples from GDM pregnancies (UC: n = 4; GDM: n = 6; **P = 0.003). B:
similar Western blotting studies were conducted using whole cell lysates from ECFCs transduced with either a control
lentivirus (EV control) or a lentivirus containing TAGLN (TAGLN OE). Quantitation in ImageJ confirmed increased
levels of pMLC relative to MLC in TAGLN OE samples (n = 7 transductions; **P = 0.002).
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Fig. 8.
Open in a separate window
Transgelin (TAGLN) localizes to F-actin in endothelial colony-forming cells (ECFCs). ECFCs from a gestational diabetes
mellitus (GDM) pregnancy were plated on type 1 collagen-coated glass slides and stained for TAGLN (red) and F-actin
(green). NucBlue was used as a nuclear stain (blue), and all 3 channels were overlaid in the 4th panel (merge). Images
were obtained using confocal microscopy. Scale bar, 50 μm.
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Fig. 9.
Open in a separate window
Transgelin (TAGLN) alters endothelial colony-forming cell (ECFC) alignment and response to laminar flow. A: ECFCs
from uncomplicated (UC) pregnancies were transduced with either a control lentivirus (EV control) or a lentivirus
containing TAGLN (TAGLN OE). Transduced ECFCs were plated on type 1 collagen-coated glass slides and maintained
in static culture or exposed to 7 h of laminar flow using a custom apparatus as previously described (25, 30, 31). Direction
of flow is indicated by white arrows in the top right corner of images. Following treatment, ECFCs were fixed and stained
for TAGLN (red), F-actin (green), and Nucblue (blue). All 3 channels were overlaid in the merged image. Scale bars, 25
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μm. B: ECFC alignment was analyzed with the Directionality Plug-in (FIJI). F-actin fluorescence images were used to
generate the single, blue histograms representing angle distribution for ~30 cells in the representative images above. C:
histograms representing all images for each group were combined and overlaid. Eight image fields for each treatment
group were analyzed. D: three ECFC samples from UC pregnancies were transduced and 4 treatment groups were assessed
per sample (i.e., EV control ± Flow and TAGLN OE ± Flow). Data were analyzed by a two-way ANOVA. Exposure to
laminar flow reduced angle variance (P = 0.0002). Angle variance was associated with TAGLN expression, with increased
variance in the TAGLN OE group compared with the EV control group (P = 0.0009).
Transgelin induces dysfunction of fetal endothelial colony-forming cells ... https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6230685/?report=printable
28 of 30 2/5/2020, 3:05 PM
Fig. 10.
Open in a separate window
Intrauterine exposure to gestational diabetes mellitus (GDM) alters endothelial colony-forming cell (ECFC) response to
laminar flow. A: ECFCs from uncomplicated (UC) and GDM pregnancies were plated on type 1 collagen-coated glass
slides and were maintained in static culture or exposed to 7 h of laminar flow. White arrows in the top right of image
panels indicate flow directionality. Following treatment, ECFCs were fixed and stained for transgelin (TAGLN) (red),
F-actin (green), and NucBlue (blue). All 3 channels were overlaid in the merged image. Scale bars, 25 μm. B: ECFC
alignment was analyzed with the Directionality Plug-in (FIJI). The F-actin fluorescence images were used to produce the
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histograms representing the distribution of angles measured within 8 images for each sample, which were combined and
overlaid for a total of 200–250 cells analyzed per sample. C: box and whisker plots representing statistical analysis
completed to compare angle variance distributions between the 2 groups (UC and GDM) in the presence and absence of
flow (UC: n = 5; GDM: n = 8). Data were analyzed by two-way ANOVA. A significant interaction was identified between
GDM exposure and laminar flow (P = 0.028). Angle variance was significantly altered by laminar flow exposure (P <
0.0001).
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